Histone methylation is crucial for regulating chromatin structure, gene transcription and the epigenetic state of the cell. LSD1 is a lysine-specific histone demethylase that represses transcription by demethylating histone H3 on lysine 4 (ref. 1). The LSD1 complex contains a number of proteins, all of which have been assigned roles in events upstream of LSD1-mediated demethylation 2-4 apart from BHC80 (also known as PHF21A), a plant homeodomain (PHD) finger-containing protein. Here we report that, in contrast to the PHD fingers of the bromodomain PHD finger transcription factor (BPTF) and inhibitor of growth family 2 (ING2), which bind methylated H3K4 (H3K4me3) 5, 6 , the PHD finger of BHC80 binds unmethylated H3K4 (H3K4me0), and this interaction is specifically abrogated by methylation of H3K4. The crystal structure of the PHD finger of BHC80 bound to an unmodified H3 peptide has revealed the structural basis of the recognition of H3K4me0. Knockdown of BHC80 by RNA inhibition results in the de-repression of LSD1 target genes, and this repression is restored by the reintroduction of wild-type BHC80 but not by a PHD-finger mutant that cannot bind H3. Chromatin immunoprecipitation showed that BHC80 and LSD1 depend reciprocally on one another to associate with chromatin. These findings couple the function of BHC80 to that of LSD1, and indicate that unmodified H3K4 is part of the 'histone code' 7 . They further raise the possibility that the generation and recognition of the unmodified state on histone tails in general might be just as crucial as post-translational modifications of histone for chromatin and transcriptional regulation.
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Histone methylation is crucial for regulating chromatin structure, gene transcription and the epigenetic state of the cell. LSD1 is a lysine-specific histone demethylase that represses transcription by demethylating histone H3 on lysine 4 (ref. 1) . The LSD1 complex contains a number of proteins, all of which have been assigned roles in events upstream of LSD1-mediated demethylation [2] [3] [4] apart from BHC80 (also known as PHF21A), a plant homeodomain (PHD) finger-containing protein.
Here we report that, in contrast to the PHD fingers of the bromodomain PHD finger transcription factor (BPTF) and inhibitor of growth family 2 (ING2), which bind methylated H3K4 (H3K4me3) 5, 6 , the PHD finger of BHC80 binds unmethylated H3K4 (H3K4me0), and this interaction is specifically abrogated by methylation of H3K4. The crystal structure of the PHD finger of BHC80 bound to an unmodified H3 peptide has revealed the structural basis of the recognition of H3K4me0. Knockdown of BHC80 by RNA inhibition results in the de-repression of LSD1 target genes, and this repression is restored by the reintroduction of wild-type BHC80 but not by a PHD-finger mutant that cannot bind H3. Chromatin immunoprecipitation showed that BHC80 and LSD1 depend reciprocally on one another to associate with chromatin. These findings couple the function of BHC80 to that of LSD1, and indicate that unmodified H3K4 is part of the 'histone code' 7 . They further raise the possibility that the generation and recognition of the unmodified state on histone tails in general might be just as crucial as post-translational modifications of histone for chromatin and transcriptional regulation.
Recent studies have identified a subset of PHD fingers that bind methyl lysine 5, 6, 8, 9 . To investigate the role of BHC80, a PHD fingercontaining protein (Fig. 1a) of the LSD1 co-repressor complex, in transcriptional repression, we determined whether BHC80 also binds histone tails through its PHD finger. As shown in Fig. 1b, BHC80 binds the first 21 residues of histone H3 (lane 3), but not residues 21-44 or histones H4, H2A or H2B (lanes 4, [8] [9] [10] [11] . Unexpectedly, the BHC80-H3 interaction is disrupted by methylation of K4, but is insensitive to modifications at K9 or K14 (Fig. 1b , lanes 5-7 and Supplementary Fig. 1a ). Native BHC80 in the LSD1 complex also binds H3K4me0, and this binding is similarly compromised by H3K4 dimethylation (Fig. 1c) . BHC80 in a reconstituted, three-component complex (LSD1, the co-repressor CoREST and BHC80) also retains the ability to bind H3K4me0 ( Supplementary Fig. 1b) .
Although full-length BHC80 binds H3K4me0, deletion of the PHD finger (BHC80DPHD) significantly impairs this interaction (Fig. 1d) . A glutathione S-transferase (GST) fusion of the finger (BHC80 residues 486-543) binds the H3 tail and retains the histone-binding specificity of full-length BHC80 (Fig. 1e) , indicating that the PHD finger alone is necessary and sufficient for binding the H3K4me0 peptide. Furthermore, all three methylation states of H3K4 inhibit binding, with mono-methylation having the least adverse effect (Fig. 1f) . Isothermal titration calorimetric (ITC) analysis of the PHD finger determined a dissociation constant (K D ) of ,30 mM for the unmodified H3 peptide, ,460 mM for H3K4me1, and no binding to H3K4me2 (Fig. 1g) , consistent with the pulldown results.
The co-crystal structure of the BHC80 PHD domain (residues 486-543) bound to the unmodified H3 tail (residues 1-10) was solved at the resolution of 1.43 Å (Supplementary Table 1 ). All ten residues of the H3 peptide were observed ( Supplementary Fig. 2 ) bound to one of the two molecules in the asymmetric unit (Supplementary Fig. 3a) . Like all structurally characterized PHD (and RING) fingers, the BHC80 PHD finger adopts a 'cross-braced' topology of Zn 21 -coordinating residues (Fig. 2a, b) . The H3 peptide binds to the surface of the PHD finger as an anti-parallel b-sheet, with H3R2-H3R8 forming backbone hydrogen bonds with G498-M502 of BHC80 (Fig. 2b) . The cognate PHD finger contacts the first 8 residues of the H3 peptide, but H3 residues 9 and 10 interact with a neighbouring PHD molecule ( Supplementary Fig. 3b ). The substrate specificity of the BHC80 PHD finger is determined primarily through the recognition of the H3 amino terminus, H3K4 and H3R8 (Fig. 2c) . Three main chain carbonyl oxygen atoms (residues 523, 524 and 525) form a hydrogen bond 'cage' that recognizes the N terminus of H3. The side chain of H3A1 inserts into a shallow hydrophobic pocket formed by L512, W527 and P523 (Fig. 2c, inset) . The H3 peptidebinding site is further defined by M502, which inserts between H3R2 and H3K4, and the side chain of D489, which inserts between the side chains of H3K4 and H3R8, forming an electrostatic bridge between the two (Fig. 2c) . The importance of D489 and M502 to H3 binding was confirmed by mutagenesis; mutation of D to A and M to W, respectively, abolished PHD binding to the unmodified histone H3 tail (Fig. 2d) .
As well as interacting with D489, the epsilon amino group of H3K4 forms a hydrogen bond with the main chain carbonyl oxygen of E488 (Fig. 2c, inset) . A b-carbon from H487, 4.0 Å away, further restricts the lysine-binding site. Indeed, a modelled mono-methyl lysine is allowed only a 15u range of motion before clashing with other atoms ( Supplementary Fig. 4 ). This might account for the .15-fold reduction in binding of BHC80 to the H3K4me1 peptide when compared with the H3K4me0 peptide (Fig. 1g) . A second or third methyl group would clash with the D489 side chain, E488 carbonyl, or H487 b-carbon, consistent with the observation that the BHC80 PHD finger does not bind H3K4me2 or H3K4me3 peptides (Fig. 1f, g ). Therefore, molecular recognition of unmodified lysine is primarily through bonds to the unmodified epsilon amino group, and steric exclusion of methyl groups. This mode of binding is distinct from the caging of di-and tri-methyl lysine by aromatic residues, as identified in the polycomb and heterochromatin protein 1 (HP1) chromodomains [10] [11] [12] [13] . The aromatic cage, though absent from BHC80, is also present in structurally characterized methyl-lysine-binding PHD fingers, such as those of BPTF and ING2 (refs 14,15) . The PHD fingers of BHC80, BPTF and ING2 adopt highly similar folds (Fig. 3a) . All engage the H3 peptide as an anti-parallel b-sheet on the same face, with recognition of the H3 N-amine and the H3A1 side chain. H3R2 is buried in a pocket in BPTF and ING2, but is not contacted by BHC80. In BHC80, M502 occupies the space left open for R2 binding by a conserved glycine (G) in BPTF and ING2 (ref. 12) . Only BHC80 contacts H3R8, whereas in BPTF and ING2, the H3 peptide meanders off the face of the PHD finger before R8. The BPTF PHD finger features a full aromatic cage (Fig. 3b ) reminiscent of the binding of the HP1 or polycomb chromodomain to trimethyl lysine 12, 13 , whereas ING2 has only half a hydrophobic cage, with a serine and methionine finishing the H3K4 binding pocket, similar to recognition of H3K4me3 by the chromo-ATPase/helicase-DNA-binding double chromodomain 16, 17 . As a family, PHD fingers show flexibility in peptide binding (Fig. 3c) , making it difficult to predict whether an individual PHD finger is a histone-binding module, and whether it binds lysine or methyl lysine, on the basis of its primary sequence. Indeed, the robustness of the PHD scaffold, and its plasticity as a binding module, have been noted 18 . Our data indicate that the array of PHD fingers in chromatin-interacting and -modifying proteins, many of which lack the consensus binding sequence for H3K4me3 Bold residues are those involved in chelating Zn. b, The H3 peptide binds BHC80 as an anti-parallel b-strand (grey). c, Peptide binding is specified by the insertion of M502 between H3R2 and H3K4 and D489 between H3K4 and H3R8. D489 and E488 bind H3K4, and H487 (4.0 Å away) restricts methyl-lysine binding ( Supplementary Fig. 4 ). The N-terminal amine of H3 is caged by carbonyl oxygens, and H3A1 is recognized by a shallow hydrophobic pocket. that is found in the BPTF and ING PHD fingers, might have histonebinding activities of unknown specificity. In this regard, the DNA methyltransferase 3-like protein, Dnmt3L, a regulatory factor that is required for de novo DNA methylation of imprinting control regions in female germ cells and of retro-transposons in male germ cells [19] [20] [21] , was found to bind H3K4me0 through its Cys-rich PHD-like domain 22 . Structural comparison reveals that the N-terminal Cysrich domain of DNMT3L is similar to the PHD finger of BHC80 (Supplementary Fig. 5 ). The structural similarity as well as their common mode of interaction with histone H3K4me0 raises the question of whether de novo DNA methylation (by DNMT3) is linked to the action of H3K4 demethylases and their associated complex components.
Having established the specificity of BHC80 for H3K4me0, we next investigated whether LSD1-mediated demethylation of H3K4me2 affects BHC80 binding at target promoters in vivo. Previous studies reported that depletion of LSD1 by RNA interference (RNAi) resulted in an increase in H3K4me2 at the synapsin 1 (SYN1) and voltage-gated sodium channel 1a (SCN1A) promoters 1, 4 . Importantly, chromatin immunoprecipitation (ChIP) analysis showed that the binding of BHC80 to these promoters was reduced in the LSD1-depleted cells, although the global level of BHC80 was unaffected ( Fig. 4a and data not shown). These data are consistent with a model in which LSD1-mediated demethylation of H3K4me2 is important for the association of BHC80 with chromatin.
We further investigated the function of BHC80 in LSD1-mediated transcriptional repression by depleting BHC80 using two independent short hairpin RNA (shRNA) constructs (Fig. 4b, top) . The inhibition of BHC80 expression resulted in a consistent derepression of a number of LSD1 target genes, including SCN1A, SCN3A and SYN1 (Fig. 4b) . Introduction of the RNAi-resistant wild-type BHC80, but not the RNAi-resistant PHD finger mutant D489A, into the BHC80 knockdown cells restored the repression of LSD1 target genes, indicating that binding of H3K4me0 by BHC80 is important for LSD1-mediated gene repression. D489A was expressed at a similar level to that of the wild-type protein (Fig. 4C) and assembled into the LSD1 complex in the transfected cells (data not shown).
The binding of BHC80 to H3K4me0, which is a demethylation product of LSD1, indicates that BHC80 functions downstream of LSD1. How is a downstream effector of LSD1 required for efficient LSD1-mediated repression? Recent studies have indicated that the regulation of histone methylation is highly dynamic, and might involve the actions of both methylases and demethylases at the same target promoters 23 . BHC80 may be necessary to help to maintain LSD1 at the target promoters, thereby preventing the re-methylation of H3K4. Consistent with this idea, BHC80 has been shown to interact physically with LSD1 (ref. 24) . To address this model experimentally, we compared the binding of LSD1 to H3 using LSD1 complexes prepared from either wild-type or BHC80-knockdown cells. A reduction of BHC80 in the LSD1 complex resulted in decreased binding of LSD1 to K4 unmethylated histone H3 peptides in vitro (Fig. 4d) , indicating that BHC80 is important for the association of LSD1 with its reaction product H3K4me0. Consistent with this, recombinant BHC80 could significantly increase binding of LSD1 to the H3K4me0 peptide in the presence of CoREST in vitro (Supplementary Fig. 1b) . These findings indicate that BHC80 is required for the association of LSD1 with histone H3 after demethylation.
We further investigated the effect of depletion of BHC80 on the LSD1 protein complex and its occupancy at target promoters. Knockdown of BHC80 had no effect on the assembly of the LSD1 complex in solution by co-immunoprecipitation analysis (Fig. 4e) . In contrast, occupancy of LSD1 at its target gene loci was reduced as a result of BHC80 knockdown (Fig. 4e) . These findings support a model in which BHC80 is required for stable association of the LSD1 complex with its target promoters. An alternative, but not mutually exclusive, model is that binding of BHC80 to the demethylated H3 might be important for LSD1 to mediate demethylation of the neighbouring nucleosome. This propagation mechanism is similar to the one that has been proposed for the H3K9 methyltranferase Suv39H and HP1, in which the Suv39H methylase and the H3K9me-binding HP1 function together to propagate the repressive signal at the target loci [25] [26] [27] . Many histone demethylases contain histone tailbinding modules in the form of PHD or Tudor domains. It will be interesting to determine whether some of these histone tail-binding modules function similarly to what has been reported here for LSD1 and BHC80, or facilitate cross-talk among modifications at different residues on histone tails 9, 28, 29 . Together, our findings indicate that each and every subunit of the LSD1 complex has a unique role in coordinating and setting up a chromatin environment that is important for repression.
In sum, we have identified a PHD finger with a new histone tailbinding specificity (H3K4me0), and provided structural insights into the specific recognition and functional importance of unmethylated lysine. We speculate the existence of more such binding modules in the human proteome that are dedicated to recognizing the unmodified state of amino-acid residues on histone tails that are otherwise modified by various post-translational modification events. We anticipate that the identification of these modules and insights into their functions will shed significant new light on dynamic chromatin regulation.
METHODS SUMMARY
BHC80 (BC015714)-derived recombinant proteins were purified from bacteria with either 63His or GST tags. The LSD1 complex was purified from a stable HeLa cell line with Flag-HA-LSD1 expression 4 . We carried out in vitro binding assays using purified recombinant BHC80 proteins or LSD1 complex with a panel of biotinylated histone peptides with specific modifications at indicated lysine residues. We used tranylcypromine in the LSD1 complex binding assays to inhibit its demethylase activity. The bound fractions were visualized by either Coomassie blue staining or western blotting after immobilization by streptavidin beads. shRNA vectors were made as described 30 and cotransfected with the puromycin resistance gene into HeLa cells. Chromatin samples and RNA samples were prepared from drug-selected cells. The semi-quantitative ChIP assay and PCR with reverse transcriptase were done by adding 32 P-dCTP during PCR amplification and analysed by phosphor-image quantification. PCR reactions were optimized within the linear range. ChIP control oligonucleotides were designed to amplify the intron region of the RNA PolII gene, which in principle is not affected by either LSD1 or BHC80 knockdown. For crystallography and ITC, the BHC80 PHD finger was expressed as a 63His-SUMO fusion, and cleaved, leaving HisMet fused to the recombinant protein. The structure of the BHC80 PHD domain in complex with histone peptide was solved by three-wavelength Zn anomalous diffraction data (Supplementary Table 1) . ITC was performed on a MicroCal VP-ITC by injecting synthetic H3 peptide (residues 1-10, K4me0, 1 or 2) into BHC80 at various concentrations.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
